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The epidermal cutaneous permeability barrier can be 
disrupted by treatment with topical solvents. Recent studies 
have shown that barrier recovery, measured by the recovery 
of transepidermal water loss towards normal, is inhibited by 
high extracellular Ca++ and K+, and accelerated by low ex-
tracellular concentrations of these ions. To examine the ef-
fects of Ca++ or K+ fluxes on barrier recovery, we tested the 
effects on transepidermal water loss recovery of agents that 
modify these fluxes. K+ channel agonists or blockers modi-
fied the inhibitory effects on barrier recovery induced by 
T opical solvent treatment disrupts the cutaneous per-meability barrier through the removal of stratum corneum lipids [1,2] . This perturbation of barrier in-tegrity stimulates a variety of homeostatic repair re-sponses that ultimately result in the normalization of 
barrier function [3]. This repair response includes the rapid secretion 
of preformed lamellar bodies by stratum granulosum cells [4], the 
accelerated assembly and further secretion of lamellar bodies by 
stratum granulosum cells [4], increased e~idermal cholesterol [5], 
fatty acid [2], and sphingolipid synthesis [6 ,which provide the lipid 
content for nascent lamellar bodies, and, nally, an increase in epi-
dermal DNA synthesis [7]. 
Recent studies have suggested that the increased water loss that 
occurs secondary to barrier disruption leads to focal changes in the 
concentration of certain inorganic ions in the outer epidermis. alter-
ations that in turn may initiate portions of the repair response. 
When the flank of an animal whose barrier has been disrupted with 
acetone is immersed in isoosmolar sucrose solutions, barrier recov-
ery proceeds normally. In contrast, when either Ca++, K+, and/or 
P04- are added to the isoosmolar solutions, barrier recovery is in-
hibited [8]. Further evidence that ions may be important regulators 
is suggested by the presence of a calcium gradient within the epider-
mis. with higher quantities of Ca++ in the upper than in the lower 
epidermis [9]. Moreover, following acetone disruption of the 
barrier, this Ca++ gradient is lost [10], and the decrease in Ca++ 
levels in the outer epidermis is associated with enhanced lamellar 
body secretion and lipid synthesis, important components of the 
repair response. In contrast, if the Ca++ gradient is preserved by the 
addition of Ca++ to the bath solution, lamellar body secretion, lipid 
synthesis, and barrier recovery are inhibited [8 ,10]. These results 
strongly suggest that the passive loss of Ca++ and other electrolytes 
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raised extracellular Ca++ and K+. In addition, Na+ /K+ aden-
osine 5' triphosphatase inhibitors reversed the inhibitory ef-
fects of high extracellular Ca++ and K+. Our results suggest 
that barrier recovery requires both Ca++ and K+ fluxes an~ are 
consistent with the hypothesis that both verapamil or dihy-
dropyridine-sensitive Ca++ -permeable channels and Ca++-
sensitive K+ channels participate in epidermal permeability 
barrier homeostasis . Key words: ca lcium/epidermis/keratitlocyte/ 
lamellar body.] Invest Dermatol102:976-979, 1994 
from the upper epidermis following barrier disruption may signal 
the repair response. 
Yet little is known regarding the mechanisms by which alter-
ations in electrolytes in the outer epidermis might affect granular 
cell function. Previous studies have shown that barrier recovery 
occurs at normal rates in Ca++ -containing solutions if the L-type, 
voltage-sensitive Ca++ channel blockers nifedipine or verapamil are 
added to the solution [8]. Likewise, calmodulin inhibitors such as 
trifluoperazine also reverse the inhibitory effects of Ca++ on barrier 
recovery [8]. Based on these results, we have proposed that extracel-
lular Ca++ enters the keratinocytes of the upper epidermis throug!l 
verapamil or dihydropyridine-sensitive Ca++ channels, wluch IS 
followed by an interaction with calmodulin, thereby modulating 
cellular function. The present study explores in further detail the 
mechanisms by which extracellular Ca++ or K+ ions influence 
barrier homeostasis. These experiments suggest that, in addition to 
Ca++ channels, Ca++-activated K+ channels may also playa role in 
the regulation of barrier repair. 
MATERIALS AND METHODS 
Adult hairless mice (hr/hr) wre purchased from Jackson Laboratories (Bar 
Harbor. ME). They were fed Simonsen mouse diet (Gilroy. CAl and water ad 
libitum. Their ages ranged from 8 to 12 weeks at the time of study. Acetone 
was purchased from Fisher Scientific (Fairlane. NJ) . Verapamil was pur-
chased from Calbiochem (San Diego. CAl and prepared in a stock solution 
dissolved in ethanol. Diazoxide was purchased from Research Biochemicals 
Inc. (Natick, MA), whereas minoxidil was purchased from Aldrich (Mil-
waukee, WI). Ouabain, harmaline, and tetraethylammonium (TEA) were 
obtained from Sigma Chemical Co. (St. Louis, MO). Harmaline was dis-
solved in ethanol and stock solutions for the other agents were prepared in 
isoosmolar sucrose (pH 7.4, 280 mOsm). Ca++, Mg++-free phosphate-buf-
fered saline (PBS) contained (in mM): NaCl138, Na2HP04 8.1, KC12.7, 
KH2P04 1.1 (pH 7.4). 
Experimental Procedures Flanks of hairless mice, previously anesthe-
tized with intraperitoneal injection of chlorohydrate anesthesia, were 
treated with acetone-soaked cottonballs [1 ,2] by rubbing the skin gently for 
several minutes, with a minimum of friction. Immediately after acetone 
treatment, the skin was warmed to approximately 35· C and the transepider-
mal water loss (TEWL) was measured using an electrolytic water analyzer 
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Figure 1. Increased extracellular Ca++ and K+ concentrations inhibit 
barrier recovery. After disruption of the epidermal permeability barrier with 
acetone, flanks of mice were immersed in isoosmolar sucrose containing 
CaC12 , KCl, N aCl, or 10 pM verapamil in the combinations and concentra-
tions listed above. After 2.5 h, TEWL was determined. Barrier recovery, as 
measured by TEWL, was inhibited by immersion for 2.5 h in solutions with 
high Ca++ (1.8 mM CaCI2), high K+ (40 mM KCl), or both high Ca++ and 
high K+. This inhibition was reversed by adding verapamil to the bath 
solution. The results are shown as percent recovery, calculated as TEWL at 
2.5 h/TEWL immediately fo llowing acetone treatment. Results are 
presented as .the meal~ ± SEM. n = 3-6 animalsin each group. Statisti~al 
significance IS determmed usmg an analysIs of vanance (ANOVA) test with 
the p values corrected by the Bonferroni method, using the Graftpad lnstat 
program (v~rsio~ 1. ~ 4). Values are compared to isoosmolar sucrose to deter-
mine statistical significance. 
(Meeco, Inc., Warrington, PA). The device's sampling cup, covered with 
Parafilm, was flushed with 99.9% pure nitrogen gas at 100 cc/min. After 
removal of the Parafilm, the cup was placed on the previously treated flank. 
TEWL rates, measured in mg/cm2/h, were measured immediately after 
acetone treatment and again at 2.5 h as a determination of barrier repair [1] . 
Animals with TEWL rates from 5 to 9 mg/cm2/h were judged to have their 
epidermal barrier sufficiently perturbed and were used for this study (normal 
TEWL rates for unperturbed epidermal barrier are <0.1 mg/cm2/h). 
After barrier disruption with acetone, animals were immersed with one 
flank submerged in isotonic sucrose or Ca++, Mg++-free PBS, with or with-
out addition of the agents to be tested, for 2.5 h. The animals were suspended 
on a mesh netting to avoid contact with the Petri dish. The solutions were 
maintained initially at 4· C to allow for equil ibration, then raised to 35· C for 
the remainder of the experiment. After 2.5 h, the animals were removed, the 
excess fluid was gently blotted off the skin surface, and TEWL was remea-
sured. Percent recovery of TEWL was calculated by comparing TEWL 
measurements prior to immersion (immediately after barrier perturbation 
with acetone) to those after 2.5 h. TEWL recovery in isotonic sucrose was 
used as a control. All results are presented as the mean ± SEM. Statistical 
significance was determined using an analysis of variance (ANOVA) test 
with the p values corrected by the Bonferroni method, using the Graftpad 
lnstat program (version 1.14). 
RESULTS 
Role of Ca++ Channels on K+ -Induced Barrier Recovery To 
determine the role of Ca++ or K+ channels in barrier homeostasis, 
we first assessed the effect of Ca++ and/or K+ on barrier recovery. As 
reported previous ly [8], barrier recovery, as measured by TEWL, 
was inhibited by immersion for 2.5 h in solutions with high Ca++ 
(1.8 mM CaCI2) and/or high K+ (40 mM KCI) (Fig 1). Addition of 
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Figure 2. Minoxidil and diazoxide normalize barrier recovery. After ace-
tone treatment, flanks of mice were immersed in isoosmolar sucrose with 
40 mM KCl, 1.8 mM CaCl2, and varying concentrations of minoxidil or 
diazoxide. Both minoxidil and diazoxide reverse the K+ and Ca++ -induced 
inhibition of barrier recovery in a dose-dependent fashion. Percent recovery 
is calculated as in Fig 1. n = 3 - 4 animals in each group. 
40 mM NaCI had no effect on TEWL (Fig 1), suggesting that the 
effects of 40 mM KCI could be attributed to changes in K+ flux. 
Further, application of both 1.8 mM Ca++ and 40 mM K+ together 
resulted in an additive inhibition of barrier recovery (Fig 1). The 
effects of extracellular Ca++ and K+ alone suggest that keratinocytes 
possess both Ca++ channels and K+ channels that mediate the Ca++ 
influx into the keratinocyte. The additive effects of raising both 
extracellular Ca++ and K+ suggest that these Ca++ chalmels may be 
voltage sensitive, with high extracellular K+ depolarizing the kerat-
inocyte membrane, inducing increased Ca++ flux through voltage-
sensitive Ca++ channels. 
To determine further whether influx through Ca++ channels is 
involved in barrier recovery, we next applied the L-type Ca++ chan-
nel blocker, verapamil, in the presence of elevated extracellular 
Ca++ and/or K+. Similar to our previous report [8], the inhibition of 
barrier recovery induced by either high extracellular Ca++ or both 
high extracellular Ca++ and K+ was reversed by adding verapamil to 
the bath solution (Fig 1). These observations support the hypothesis 
that Ca++ may enter the cells through voltage-sensitive Ca++ chan-
nels. However, the lesser inhibition of barrier recovery induced by 
40 mM extracellular K+ is not inhibited by verapamil (Fig 1), sug-
gesting that raised extracellular K+ may also affect barrier recovery 
by mechanisms in addition to those that govern Ca++ entry. 
Role of K+ Channels in K+ -Induced Modulation of Barrier 
Recovery To investigate the effects of K+ flux on barrier recov-
ery, we next measured TEWL after treatment with agents that 
either enhance or block K+ channels, added to a solution of isotonic 
sucrose in which one flank of the animaJ is immersed. Both minoxi-
dil and diazoxide, agents conl.monly used to open K+ channels, 
reverse the Ca++ - and K+ -induced inhibition of barrier recovery in a 
dose-dependent fashion (Fig 2), with complete normalization of 
barrier recovery at 1-,uM concentrations of either drug. Moreover, 
both diazoxide and minoxidil reverse the inhibition of barrier re-
covery induced by 1.8 mM Ca++, with 50.5 ± 0.8% recovery upon 
addition of 10,uM minoxidil (n = 3) and 49.1 ± 0.9% recovery 
upon addition of 1 ,11M diazoxide (n = 3) (data not shown) . Like-
wise, TEA, the K+ channel blocker, also normalizes the barrier 
recovery in the presence of both high Ca++ and high K+, although it 
has no effect on the more modest degree of inhibition caused by 
either agent alone (Fig 3). These results suggest that K+ channels are 
likely to influence the Ca-H- effects on barrier recovery through 
their ability to control membrane potential. However, the fact that 
TEA also normalizes barrier recovery suggests that K+ channels may 
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Figure 3. TEA normalizes barrier recovery. The epidermis was treated 
with acetone, and animal flanks were immersed in isoosmolar sucrose con-
taining K+, Ca++, or 10 mM TEA, in the concentrations and combinations 
listed above. TEA normalized barrier recovery in the presence of both high 
Ca++ and high K+. Percent recovery is calculated as in Fig 1. n = 3-4 
animals in each group. 
also direct barrier recovery by mechanisms in addition to the regula-
tion of Cart influx alone. 
Effects of Na+ /K+ Adenosine-5'-Triphosphate (ATP)ase In-
hibitors on Barrier Recovery We next tested the N a+ /K+ 
ATPase inhibitors ouabain and harmaline, which would both be 
expected to depolarize the cell, increasing Cart influx through 
voltage-sensitive. Cart channels, and also to acidify the cytoplasm 
through stunulatlon of the Na+ /H+ exchanger. Harmaline, and to a 
lesser extent ouabain treatment, as well, normalized barrier recovery 
in the presence of both Cart and K+ (Fig 4). High concentrations of 
harmaline (1 roM) were toxic to the cells, and these data are not 
included. These results suggest that barrier recovery is also in-
fluenced by factors other than Cart influx. 
DISCUSSION 
Recovery of Barrier Function After Acute Disruption Re-
moval of stratum corneum lipids with acetone or cellophane tape 
stripping stimulates a cascade of metabolic events in the epidermis, 
including synthesis and secretion of lamellar bodies [4], increased 
fatty acid, cholesterol, and sphingolipid synthesis [1,2,6] and gener-
ation of cytokines such as tumor necrosis factor or interleukin-1 
[11]. Whereas removal of extracellular Cart stimulates both lamel-
lar body secretion and lipid synthesis [2], these responses are blunted 
when extracellular Cart is raised [8]. This inhibition induced by 
raised extracellular Cart is potentiated by high extracellular K+ and 
reversed by nifedipine or verapamil. These experimental results 
have led to the hypothesis that extracellular Cart enters the kerati-
nocyte through dihydropyridine-sensitive Cart channels and the 
resulting rise in intracellular Cart blocks lamellar body secretion. 
Recent experiments using sonophoresis to alter Cart levels in vivo 
support this hypothesis [12]. Although this scheme is contrary to 
most classic secretory cells, e.g., mast cells, adrenal medulla, and 
secretory cells of the pituitary and pancreas, it is not without prece-
dent because cells such as the parathyroid hormone-secreting cells 
of the parathyroid [13 ,14]' chorionic gonadotropin-secreting cells 
of the cytotrophoblast [15 -17], and renin-secreting cells [18] also 
exhibit inhibition of secretion by exogenous Cart. Why increased 
intracellular Cart should inhibit rather than stimulate secretion in 
these cell types (to which the epidermis can now be added) is un-
known. 
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
Barrier Recovery Inhibition is Modified by Cart Influx 
Previous studies of barrier repair have demonstrated that water tran-
sit is required for barrier repair after disruption with topical solvents 
[3]. Hence, it appears that barrier disruption with acetone increases 
TEWL, leading to a decrease in the extracellular concentration of 
Cart and K+, thus affording a signal for barrier repair. Because 
barrier recovery in the presence of Cart is further inhibited in the 
presence of 40 roM extracellular K+, and normalized when the epi-
dennis is exposed to the Cart -channel blockers nifedipine and vera-
pamil, the ability of Ca++ to inhibit barrier recovery may be due to 
Cart influx through voltage-sensitive Cart channels. Further-
more, we have shown here that treatment with the K+ channel 
openers minoxidil and diazoxide, which would be expected to de-
crease Cart influx by hyperpolarizing the cell, also accelerate 
barrier recovery rates after acetone treatment. 
Yet, despite the similarities between keratinocytes, parathyroid 
gland, and cytotrophoblast, the details of their ionic regulation 
differ. We have shown here that high extracellular K+ decreases 
barrier recovery in keratinocytes (Fig 1), suggesting that raised ex-
tracellular K+ increases Ca++ influx, which inhibits barrier recov-
ery. These results suggest that keratinocytes, like the cytotropho-
blast [16]' appear to possess voltage-sensitive Cart channels that 
mediate barrier recovery and, by implication, lamellar body secre-
tion. Parathyroid cells, in contrast, respond to raised extracellular 
K+ with decreased intracellular Cart [13,14], implying that Cart 
enters the cells through voltage-insensitive Cart channels. Indeed, 
no voltage-sensitive Cart channels have been found in parathyroid 
cells [14]. 
K+ Channels May Regulate Barrier Repair This report dem-
onstrates further that barrier repair is regulated not only by Cart 
influx, possibly through voltage-sensitive Ca++ channels, but also 
by the opening or closing ofK+ channels. For example, the effect of 
high extracellular K+ is not reversed by treatment with verapamil, as 
might be predicted if the only effect of raised extracellular K+ were 
cell depolarization and increased Cart influx. 
Moreover, ouabain and harmaline, which should inhibit barrier 
~e~overy by poisoning the Na+ /K+ ATPase pump, thereby depolar-
lZlng the cell and increasing Cart influx, instead enhance barrier 
recovery. Furthermore, minoxidil normalizes barrier function even 
~n the presen~ ?f 40 ~ K+, which should depolarize the cell, 
mcreasmg Ca mflux. Fmally, TEA, which would be expected to 
decrease secretion by depolarizing the cell, instead normalizes 
barrier recovery in the face of high extracellular K+ and Cart. 
Either or both of two alternative mechanisms could explain the 
seemingly paradoxical actions of these agents on barrier recovery. 
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Fig':lre 4. Ouabain and harmaline normalize barrier recovery. Following 
barner perturbatIOn, the flanks of mice were immersed in isoosmolar sucrose 
with 40 mm KCI, 1.8 mm CaCI2, and varying concentrations of ouabain or 
harmaline. Harmaline and ouabain normalized barrier recovery in the pres-
ence of both Ca++ and K+. Percent recovery is calculated as in Fig 1. n = 3 - 4 
animals in each group. 
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first, keratinocytes may require not only elevated intracellular 
Ca++, but also high levels of intracellular K+ to block lamellar body 
secretion. This mechanism would explain the effects on barrier 
recovery of agents such as ouabain and harmaline, which raise intra-
cellular Ca++ but also allow K+ to escape from the cell. Indeed, 
intracellular K+!lays a permissive role in the "Ca++- switch," 
whereby culture keratinocytes differentiate in response to raised 
extracellular Ca++ [19]' and it could perform a similar function in 
granular layer keratinocytes. Alternatively, keratinocytes may pos-
sess Ca++-activated K+ channels (K(Ca)) that block secretion when 
open, but activate only o~er a nar~ow range of u:tracellular Ca++, 
closing (and therby allowmg secretIOn) when the mtracellular Ca++ 
is either lower or higher than optimum. An optimum level of intra-
cellular Ca++ is critical for secretion in most cell types; e.g., Ca++-
induced histamine release is inhibited when intracellular Ca++ 
levels are increased to the micromolar range [20]. Thus, combina-
tions of agents, such as TEA, with high extracellular Ca++ and K+ 
would raise the intracellular Ca++ level past its optimum point, 
closing the K(Ca) channels and allowing lamellar body secretion. 
Although most K(Ca) channels are activated by intracellular Ca++, 
high levels of intracellular Ca++ block K+ channels in glial [21] and 
cardiac cells [22] . K(Ca) channels that open only over a narrow 
range of intracellular Ca++ levels also are present in parathyroid 
cells [23] , We have identified K+ channels in cultured keratinocytes 
[24], and studies to define their Ca++ sensitivity are under way. 
i\dditional Factors That Also May Regulate Barrier Re-
pair Water loss from damaged epidermis might change the extra-
cellular osmolarity, which could modulate exocytosis [25] through 
its effect on phosphotidylinositide hydrolysis and generation of sec-
ond ITlessengers. However, osmolarity is not likely to playa major 
role in directing epidermal barrier repair, because wide variations in 
extracellular osmolarity do not influence barrier recovery [8]. 
changes in pH exert a profound effect on exocytosis, possibly 
through their effects on ion fluxes or actin filament polymerization 
[26]- Because most of the agents tested can change pH, either di-
rectly or indirectly, pH may influence barrier recovery rates. Thus, 
Ca++ influx most likely functions in concert with other factors such 
as pH, osmolarity, or K+ concentration to control lamellar body 
secretion and barrier recovery. 
In s ummary, this report demonstrates the interplay of Ca++ and 
I{+ ions in regulating epidermal barrier repair. The experiments 
reported here suggest that, whereas Ca++ is a major ion in the 
regulation of epidermal barrier repair, appropriate K+ concentra-
tions a lso are required for the Ca++ effects, and that K+ may influ-
ence barrier repair independent of Ca++. Finally, other factors, such 
, as pH, also could influence permeability barrier homeostasis. 
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